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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

THEORETICAL AND EXPERIMENTAL INVESTIGATION OF ADDITIVE DRAG

By Merwln Sibulkin

SUMMARY

The significance of additive drag is discussed and equations for
determining ite approximate value are derived for annular- and open-nose
inlets. Charts are presented glving values of additive drag coeffl-
clent over a range of free-stream Mach numbers for open- and for
annular-nose inlets with conical flow at the lnlet. The effects on
additive drag of variable inlet-total-pressure recovery and static pres-
gures on the center body are investigated and an analytical method of
predicting the variation of pressure on the center body with mass-flow
ratio is given.

Experimental additive-drag values are presenied for a ssries of 20°

and 25° cone half-angle inlets and one open-nose inlet operating at

free-stream Mach numbers of 1.8 and 1.6. A comparison with the theoret-
ical values of additive drag shows excellent agreement for the open-nose
inlet and moderately good agreement for the annular inlets.

INTRODUCTION

In the analysis of engine performance it has Dbeen cusiomary to
define a net-thrust term that is evaluated between the outlet of the
englne and a station ahead of the engine where the entering stream tube
is at free-stream conditions. If the area of the entering stream tube
at free-stream conditions is not equal to the inlet area, conditions at
the inlet differ from those in the free atream and if the flight veloc-
ity is supersonic, an additional force must be considered in deter-
mining the net propulsive thrust. This additional force has been called
additive drag (reference 1). At subgonic flight velocities, however,
this additional force is approximately counterbalanced by a decrease in
the engine nacelle pressure drag and, consequently, it has not been cus-
tomary, when consldering subsonic aircraft, to break down engine nacelle
drag into its component parts.

A theoretical method of predicting the magnitude of the additive
drag at supersonic speeds that 1s based upon an analysis of the location
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of detached shock waves as a function of relative mass flow and Mach num-

ber is included In reference 2, and a method based upon an analysis of
the entering stream tube 13 included In reference 3. For configuratlons
having side inlets, an analysils of the effect of changes in the entering
ailr conditions ahead of the inlet is given in reference 4. A method of
determining the sum of additive and cowl-pressure drags from an analysis
of the extermal shock configuration is presented in reference 5. Some
experimental values of additive drag at Mach numbers from 1.35 to 2.0
are glven in references 6 to 8.

In this report, the necessity for including the effect of additive
drag in calculating the net propulsive thrust is discugsed and a modi-
fled method of predicting the addltive drag is presented. Theoretical
values calculated by the modifled method are campared with the values
predicted by the methods given In references 2 and 3 and with experi-
mental values of additive drag obtalned from tests of ram Jets 1n the
8- by 6-foot supersonic tunnel. Experimental values of additive drag,
obtained using the method of reference S, are compared with values
obtained from pressure measurements.

SYMBOLS

The followling symbols are used in thils report:

A flow area, (sq ft)
A, capture area, cross-sectional area at cowl 1llp including center-
body area, (sq ft)
Aq cross-sectional area of center body at station 1, (sq ft)
A, component of surface area perpendicular to longitudinal axis
of inlet, (sq ft)
Ay area of center body where it 1s intersected by bow wave, (sq ft)
Cd a ajditive-drag coefflcient, BDa/pOVO A
)
2
Cf,B friction-force coefficient on center body, ZFf’s/pOVb A,
Cs incremental ~cone-presaure coefficlent, ZAE(is - pc)/DOVOZAc
D additive drag, (1b)

NACA RM E51B13
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total momentum, mV + A(p - po), (1p)
sum of external pressure and friction drags, (1lb)

axial component of force on fluld due to friction on
portion of center body forward of station 1, (1b)

Jet thrust, mV, + A (p, - po), (1b)
net thrust, (1b)
net internal thrust, (15)

inertial reaction of net propulsive thrust, (1b)

scoop incremental drag, (1b)
acceleration due to gravity, (ft/secz)
bow-wave-position parameter

Mach number

mass-flow rate of fluld passing through inlet, (slugs/sec)

maximum theoretical rate of mass flow through capture
area = pyVoA , (slugs/sec)

total pressure, (1b/sq ft absolute)
static pressure, (1b/sq ft absolute)

theoretical static pressure on surface of cone bshind an
__obligue shock, (1b/sq ft absolute)

effective static pressﬁre on portlon of center body forward of
statlon 1, (1b/sg ft absolute)

theoretical static pressure Immediately behind an obligue shock
wave, (1b/sq ft absolute)

gas constant, (£t/°R)

total temperature, (°R)

s 7_‘, }



4 CONFIDENTTAL.. NACA RM ES1B13

t static temperature, (°R)

v velocity, (ft/sec)

B ratio of mass-flow rate with supersonic flow at inlet to
maximum theoretical capture-area mass flow

Y ratio of specific heats

R cone half-angle of inlet center body

6z cowl-position parameter, angle between axls of Inlet and
straight line that connects tip of center body with lip of
cowl

A angle at station 1 between average direction of flow and
longitudinal axis of inlet

P density, (slugs/cu ft)

Subscripts:

0 free stream

1 conditions at engine inlet (defined in text for particular
types of inlet)

e conditions at engine outlet

ANALYSIS

The net propulsive thrust of an engine at zero angle of attack is
the resultant of the sum of the axial components of the pressure and
friction forces acting on the engine. A schematic representation of
these forces as applied to a ram Jet in accelerated flight 1s shown in
figure 1, in which the net propulsive thrust of the engine is replaced
by an equal and opposite ilnertial force Fp according to D'Alembsrt's

principle for accelerating systems. The forces are defined as positive
in the directions shown by thelr arrows.

The sum of pressure and friction forces acting on the interlor of
the engine, which is called the net internal thrust Fn 4» can be
’

calculated from the change in total momentum mV + A(p - po) between

stations 1 and e of the fluid passing through the engine (fig. 1(a)),
that 1s,

SN LD N
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Foy=Fy-F (1)

where F; = mV, + A.e(pe - D) and F my, + Ay (p; - pp)-
Then

Fo=Tog -y - (2)

where F, 1s the sum of the pressure and friction forces acting on the
exterior of the engine.

It 1s customary, however, to evaluate engine performance between
stations O and e (fig. 1(b)) and to call the change in total momentum of

the Internal flow (between stations 0 and e) the net thrust F, as
given by

F,=F, - F, (3)
where
Fo & mV, + Ao(p0 - PO) = mV,
In this case, however,
F, # Fp - Fy

because the change in total momentum of the free stream between sta-
tions O and 1 has not been considered. Therefore, in order to obtain
the net propulsive thrust FP’ this momentum change (which is called

additive drag Da) must be included to give
Fp = Fy - Fg - D (4)

A mathematical definition of additive drag can be obtained by com-
bining equations (1) to (4) to gilve

Dg=Fp - Fn,i =F -F (s)
or using the definitions of F; and F,

Dy = mV; + Ay(pp - po) - mVj, (5a)

GONEERENTIAL
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where appropriate average values of the quantities at station 1 are
used .

Another interpretation (which gives physical meaning to net
thrust Fn) ia to consider that the diverging portion of the entering

stream tube behind a bow wave (fig. 2(a)) from I to II is replaced by a
thin, frictionless membrane (fig. 2(b)). Inasmuch as the flow fleld is

unchanged, the net propulsive thrust Fp will not be affected. Because

the engine has alresdly been credited with the thrust due to the pressure
acting on the interior of the hypothetical extension of the engine
from I to II b its inclusion in the net thrust F , a drag force must

be added because of the pressure acting on the exterior of the engine
extension which 1s equal to

I1
(p - p,) a4,
I

vhere dA, 1is the axial projection of the surface area. This Integral

may also be used to define the additive drag and is equivalent to the
definition given by equation (5a), as can easily be seen by applying the
momentum theorem around the surface I,II,III,IV,I in figure 2(v).

Although no change in the forces on the inlet occurs when an inlet
is extended to free-stresam diameter along a streamline, an increase in
net propulsive thrust would be obtained if the inlet were extended in
the manner shown in figure 2(c). In this case the angle through which
the entering streamline is turned i1s made smaller than the detachment
angle and the bow wave is replaced by & normal shock at the entrance to
the inlet and an obligue shock off the 1lip. Comparing the modified
inlet in figure 2(c) with the one in figure 2(a), it has been found
that the incresse in the cowl-pressure drag owlng to the extension of
the inlet from IT to I is much less than the value of the additive drag
eliminated because the increase in pressure behind the oblique shock in
figure 2(c) is much less than the pressure rise behind the nearly normal
shock in figure 2(a).

Equation (Sa) applies directly only to an open-nose inlet. The
comparable equation for an annular-nose inlet can be derived by con-
sidering the forces acting on the surface bounded by I,II,III,TIV,V,I as
shown in figure 3(a). A summation of the axial components of the forces
acting on the enclosed fluild gives

6112
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D, = mV, cos A + A, cos K(Pl - PO) + A5 (pg - po) - my, + Ef,s (5b)

vwhere A, corresponds to the flow area II,III, and As(ﬁé - po) and
Ff g &re, respectively, the axial components of the pressure and the
, ,

friction forces acting on the center body, and appropriate average
values are ugsed at station 1 and on the center body. Again, as in the
cage of the open-nose inlet, a definition of additive drag equivalent to

equation (5b) is
11
Da= I (P'Po)d-Ax

A side- or scoop-type inlet can be considered to be an annular-nose
inlet with the center body greatly extended (fig. 3(b)) and consequently
1ts additive drag can be found from equation (5b).

I, however, the scoop does not extend completely around the center
body, it 1s extremely difficult to determine the portion of the center
body which forms part of the boundary of the entering stream tube
(indicated by shaded surface on diagram) and,consequently, to determine
the proper value of A, for use in equation (5b). Furthermore, for

this type of fuselage,the drag on the shaded portion of the center body
is customarily included in the body drag. Consequently, it has been
suggested in reference 4, that if the approximation be made that the
drag on the shaded portion of the center body does not change as the
mass flow through the engine changes, then a scoop incremental drag FS

can be defined equal to the change in total momentum of the entering
stream tube between station 0 and 1; that is,

F, = mYl coas \ + Al(pl - po) - mvo (5¢)
Then
Fp:Fn-Fd-FB
vhere F., includes the drag on the shaded portion of the center body.

d
If the direction of flow at station 1 is parallel to the axis, the for-
mules for evaluating the scoop incremental drag and the additive drag of
an open-nose inlet (equation (Sa)) are the same.
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APPARATUS AND PROCEDURE

Experimental values of additive drag were obtained in the NACA
lewis 8- by 6-foot supersonic tunnel for one open-nose and several
annular-nose inlets. The inletas formed the forward end of a 16-inch
ram jJet, which 1s schematically shown in figure 4. Two cone angles were
tested; the projection of the center bodies was varied by cylindrical
spacer blocks sc as to obtain various supercritical mass-flow ratios.
The values of cone angle, center-body position, and design mass-flow
ratio investigated are given in the table appearing in flgure 4.

Tests were conducted at free-stream Mach numbers of 1.8 and 1.6
over a range of mass-flow ratio, which was controlled by a variable-
area orifice valve located in the engine cambustion chamber., Statlc
pressures on the internal surface of the cowl and on the center body
forward of station 2 (located 15 in. back of cowl lip) were measured by
wall orifices and total pressure at station 2 was measured by a rake of
total -pressure tubes. The weight flow was calculated from the total-
and static-pressure readings at station 2 and a correction factor was
applied to bring the date in agreement with the theoretical values of
supercritical mass flow. The additive drag was then calculated by
taking a momentum balance around the surface I,II,III,IV,V,VI,I of

figure 4,
COMPARISON OF THEORY AND EXPERIMENT

Open-Nose Inlets

The equation for the additive-drag coefficient C4 ., for am open-

nose inlet based on the inlet lip area may be derived from equation (5a)
a8 shown in the appendix to give

P, P
2 01 P 2 Ag 2
C, === (M41) -1 -2 ()
d,a 7M02 [;O PO Pl 1 Ay 0
where
Ay PoVghy @

Al ) pOVOAl mmax

For given values of M, and mass-flow ratio, the value of M; can

be obtained by applylng the continulty equation between stations O and 1.
This relation may be written in the form

CONBED NGB,
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Ag Py
KI £(My) = £(My) 58 (7)

where

- T2 7-1
£(M) = M(l + -72—1 Mz)

with the usual assumption thet T, = T;. The pressurs ratio Pl/P0 is
taken equal to the value across a normal shock occurring at M,.
Inasmuch as p;/P; and pO/Po are known functions of M; and M,,
all the quantities in equation (6) are determined.

The values of additive-drag coefficient for an open-nose inlet
operating at Mach numbers from 1.2 toe have been calculated by the
foregolng procedure and are presented in figure 5. For a fixed value of
magsg-~flow ratio m/mmax’ the value of Cd,a increases with increasing

My and epproaches a finite limit for MO = ™,

A comparison of theoretical (predicted by equation (6)) and experi-
mental (fig. 6) values of additive drag at M. = 1.8 and 1.6 indicates
good agreement down to m/m maxa:0.4, the lowest mass-flow ratio investi-

gated. Because the additive drag of an open-nose inlet at a mass-flow
ratio of 1.0 must equal zero, the discrepancies at that polnt can be
attrlbuted to srrors in the experimental analysis. Part of this dis-
crepency 1s caused by the omission of the unknown force resulting from
friction on the inside of the cowl forward of station 2 in calculating
the experimental values of additive-drag coefficilent. Curves of the
additive drag coefficlient predicted by the theory of reference 2 are
also shown. This theory predicts a linear variation of additive drag
with mess-flow ratio that agrees with the present analysls at mass-flow
ratlos near 1.0, but underestimates the additive drag at lower mass-flow
ratios.

Annular-Noge Inlets

Before discussing the additive drag of annular-nose inlets, a basic
difference between annular- and open-nose inlets should be considered.
When an open-nose inlet is operating without a bow vave, the mass-flow
ratio m/hmax must equal 1.0 and consequently the additive drag must

equal zero. For an annular-nose inlet, however, the mass-flow ratio as
herein defined will not equal 1.0 even when no bow wave ig present

“<GORFILENTIAL.,
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mnless the obligue shock stands at or inside the cowl 1llp. If the
oblique shock stends upstream of the cowl 1lip, it follows that, owing to
the change in area of the entering stream tube behind the obligue shock
the mass-flow ratio is less than 1.0 and the additive drag is greater
than zero. Consequently, it is useful to deflne an annular-inlet param-
eter B equal to the ratlic of mass-flow rate with supersonic flow at
the inlet to the maximum theoretical capture-ares mass flow. For most
caeses this definition is equivalent to defining B as the supercritical
mass-flow ratic. EPEecause from its definition the parameter £ 1Is &
function only of Mg and of the geometry of the inlet, an inlet having
a value of B = 1.0 at the design Mo has a value of B < 1.0 at an
Mo below deslgn.

Operation with conical flow at inlet. - When an annular-nose inlet
having a center body that 1s conical forward of station 1 (fig. 3(a)) is
operating without any bow waves, the flow behind the oblique shock gen-
erated by the center body can be predicted from conical flow theory (for
example, reference 2). In this case 1t 1s possible to evaluate the

11
additive drag directly from ‘[\ (p - po) dAx. This procedure has been
I

followed for four cone angles over & range of Mach numbers from a value
s8lightly greater than the minimum for an attached shock to an M, of 5.0
(fig. 7). The curves show that for a fixed value of mass-flow ratio,

the additive-drag coefficlent decreases as M, increases, which is
opposite to the trend in figure 5 for an open-nogse inlet. The varlation
of velues of mass-flow ratlio with cowl-position parameter 9z is also

given from which the theoretical supercritical mass-flow ratio £ can
be determined when the geometry of the inlet and M, &are known.

Operation with bow wave. - The equation for the additive-drég coef -
ficient based on the capture area A, of an asnnular-nose inlet can be

derived from equation (5b) (2s shown in the appendix) to give

d.,a = 7MO2 Ac .po PO Pl 711 + co8 + Ac -po - - Ac 7M0 + f’B

vhere appropriate average values are used at station 1.

In evaluating equation (8), M1 can be found by applying the con-
tinuity equation (equation (7)) as a function of AO/Ac = (AO/Al)(Al/Ac)

if the average pressure recovery Pl,’P0 and flow angle A are known.
For calculations Involving an inlet having a center body that is conical

LONRIDRNREAT™
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forward of station 1, when the obligue shock stands at the 1ip (B = 1.0),
the pressure recovery Pl/Po is closely approximated by the product of

the pressure ratio across an oblique shock and the ratio across & normal
shock occurring at the average of the Mach numbers on the cone surface
and directly behind the oblique shock. If i1t is assumed that the
average flow angle A 1is independent of B, A can be determined for an
inlet whose B equals 1.0 by the condition that Cd a = 0 for

m/qmax = 1.0. The effect of friction on the center ﬁody cr,s is
negligible and can be assumed to be zero.

In reference 3,1t was assumed as a first approximation that
f%/po = Pc/Po- This assumption will give the correct value of additive
drag when the mass-flow ratioc equals B8, and should increasingly under-
estimate the additive drag as the mass-flow ratio is reduced. It was
also assumed that for subcritical flow the value of pressure recovery
was congtant at the value previously described for B = 1.0. The
assumptions described previously for P1/PO’ Ty/Pos A, and Cp g have

been used in obtalning the theoretical additive-drag curves in refer-
ences 7 and 8. An improved approximation for §§/po, and the effect of

variations in the pressure recovery from the value assumed are discussed
in the following sections:

Prediction of pressures on center body. - A better approximation
for ﬁh/p can be based upon a simplification of the results given in
reference 2 for determining the position of a bow wave. In terms of the
notation given on the sketch in figure 8, calculations based upon equa-
tions in reference 2 show that for an annular-nose inlet with g « 1.0,
the variation of L'/yc vith mass-flow ratio is approximately linear

for M, > 1.6. The length Yo is the radius of the inlet at the cowl
lip, and the essumption is made that L = L', where 1L 1is the axial
distance from the point where A, 1s measured to the point where the
bow wave Intersects the center body. As & simplification it will be
assumed that L/'yC = K(1 - m/mmax); K 1is independent of cone angle and

1ts variation with M, 1s given in the following table:

Mg |1.6 (2.0 (2.4 [2.8 [3.2
K [1.13| .89| .76 | .69 .65

The values of K were determined by plotting I_./yc ageinst mass-flow

ratio end finding the mean slope of the curves. Then from the geometry
of the flgure

T =¥y - yK(l-m/m ) tan 6,

<GONRELENTIAL
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vhere y, 1s the radius at As' This gives

2

%cl = A% - K(l-m/mma_x) tan 6, (9)

from which Ay can be calculated.

Forward of Ay, the pressure on the center body equals the previ-
ously assumed value of Pe- The average pressure T behind A will
1lle between Py and py, defined as the value behind a _normal shock at
the cone surface Mach number; it will be assumed that T = (py + )/2.
An incremental-cone-pressure coefficlent Cg ® ZAS(ié - pc)/pOVOZAc cen
now be defined. When added directly to the value of Cd,a obtained
using the approximation pé = P» Cs will acount for the increase in

additive drag caused by the increase of pressure on the cone behind the
bow wave. Uslng the develomment glven

2 (A - &) (F- )
s 7M02 A Py

(10)
c

The variation of Cg with mass-flow ratio for a 25° half-angle cone is

shown in figure 8 for a range of MO'

Although the approximate relation Lfy, = K(1 - m/mmax) 1s based

upon a derivation in reference 2 for inlets with 8 = 1, 1t will be
assumed that for other inlets the relation L/fy, = K [jl -(m/mmax)(l/sﬂ

is approximately true, where the values of K are the same as those
given previously. Using this approximation a comparison of the varia-
tion of the theoretical and experimental values of CS with

(m/mpay)(1/8), is shown in figure 9. For a given My at a fixed value
of (m/ﬁmax)(l/b), the theory predicts that C_ increases as §

decreases. The scatter of the experimental data 1s, however, too great
to allow a conclusion to be drawn as to the variation of Cs with B

for the inlets tested. For mass-flow ratios less than approximately
0.85 to 0.95, the flow into the inlets was pulsating so that the model
upon which the theoretical results are based can only be considered to
represent an average condition and scatter in the data 1s to be expected.
Nevertheless, for 6, = 20°, the theory agrees with the data moderately

SENEDENTIT
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well; for 6, = 2509, the experimental values are greater than theoreti-
cel. In 8ll cases the theory is an improvement over the previous
agsumption, which corresponds to Cs = 0.

The variation of additive-drag coefficient with mass-flow ratio as
calculated from equation (8) including the effect of the incremental-
cone~-pressure coefficient C and using the value of pressure recovery

Pl/PO, described previously for B = 1.0, 18 shown in figure 10 at three

values of B for each of two annular inlets operating at Mo = 1.8.
For comparison, the value of additive-drag coefficlent for an open-nose
inlet at the same My 18 also shown. For a fixed value of mass-flow

ratio and a8 B decreases from 1.0, the additive drag decreases from a
value greater than that for an open-nose inlet to a minimum when the
flow at the inlet is supersonic. Curves of the minimum value of Cd a’

as determined from equation (8) which 1s obtainsble at each value of
magss-flow ratio (that is, when the flow at the inlet is supersonic), are
also shown for both cone angles. Comparable curves computed from coni-
cal flow theory (fig. 7) are shown for comparison. The differences in
these minimum additive-drag curves can be attributed to the small
changes in pressure recovery and flow angle A that occur as B 1is
reduced and which were neglected in the evaluation of equation (8).

Each point on these minimum Cd,a curves corresponds to a different

inlet configuration, whereas the curves for a given B refer to one
inlet. From flgure 10, if a given amount of air must be spilled 1t is
better, from additlve drag considerations, to achieve this by allowing
the oblique shock to stand upstream of the cowl 1ip rather than by
8pilling the air behind a bow wave. Consequently, for an engine
designed to operate over a range of MO, an appreclable galn in net pro-

pulsive thrust can be realized at values of MO below the design value

by utilizing an Inlet in which the projection of the center body
increases as MO decreagses to maintain supersonic flow at the inlet

Effect of inlet total-pressure recovery. - The additive-drag curves
of figure 10 assume that the pressure recovery Pl/P is constant at

the value calculated for B = 1.0. The experimental total-pressure
ratio between stations O and 2 is shown in figure 11 and compared to the
assumed value of P /PO If it is assumed that PZ/P is very close to

1.0, the difference between the experimental and theoretical values indi-
cates that the effect on additive drag of a reduction in pressure recov-
ery should be considered. The effect on additivg drag of varying the
ratio of assumed pressure recovery to the recovery for g = 1.0 from 1.0
to 0.8 at two values of B for an annular inlet with a 20° half-angle

" cone at MO = 1.8 1s shown in figure 12. Overestimeting the pressurs

COURTIDSNGLAL
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recovery overestimates the additive drag by an amount that is independ-
ent of mass-flow ratio for a glven value of B but decreases as B
decreases.

Experimental values of additive drag obtained from tests of
annular-nose inlets are shown in figure 13 for free-stream Mach numbers
of 1.8 (design value) and 1.6. These results are compared with the
theoretical curves obtained from equation (8) using the approximations
of reference 3 and using the approximation for iQ/Po presented in this

paper and experimental values of pressure recovery. The curves calcu-
lated with the present method also begin at the more exact values of
additive-drag coefficlient glven in figure 7.

The discrepancies between the experimental data and the theoretical
curvea of the present method at and near supercritical flow conditions
can be attrivuted primarily to the omission of the unknown force due to
friction on the center body and cowl forward of station 2 in calculating
the experimental values of addlitive-drag coeffilcient. This error is
greateat near supercritical flow conditions and decreases as the mess-
flow ratio decreasses. At lower values of mass-flow ratio, the differ-
ences between theory and experiment are due primarily to the error made
in predicting the magnitude of the force resulting from the variable
static pressures on the center body, as can be seen by comparing the
differences between theory and experiment in figures 9 and 13. As pre-
viously suggested, these errors may be due in part to the pulsating con-
dition of the flow at low mass-flow ratlos.

The good agreement shown here between the experimental data for
inlets with B =1 and the theoretical curvea obtained using the
assumptions of reference 3 (which was also obtained in references 7
and 8) is due to a fortulitous cancellation of the errors due to
agsuming higher pressure recoveries and lower pressures on the center
body than those actually obtained.

CALCULATION OF ADDITIVE DRAG FROM SCHLIEREN PHOTOGRAFPHS

Another means of calculating edditive drag, which approaches the
problem from a different veiwpolnt, can be obtalned from the method
presented in reference 5. This method allows the sum of the addlitive
and cowl-pressure drags to be computed using a schlieren photograph of
the inlet shock configuration and knowing the mass-flow ratio m/)

If the cowl-pressure drag can be determined by another method, sub-
tracting it from the sum of the two drags will glve the additive drag
The method involves takling a momentum balance around the surface

=EONTIDENT AL
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I,11,111,111',1V,V,VI,I as shown in figure 14, where it i1s assumed that
the cowl is cylindrically extended downstream from its point of maximum
diameter III, to station X so that Py E Py and AIII' EAIII' An arbi-

trary point V on the bow wave 1a then chosen and the streamline ViI,v,IVv
extended through 1t. Then

IIT
(p - py) dA, = m(Vy - V) + (Bpy ¢ - - (11)

IIT
where L/r\ (p - po) dA.x defines the sum of the additive and cowl-
1T

pressure drags. In reference S5 two alternative assumptions are sug-
gested for 5IV namely, ﬁiv v =Py at V, which gives an upper limit,
2

2
and in,V = (pw + po)/Z, which generally gives a lower limit. The flow

.
3

is also assumed to be 1sentropic behind the bow wave.

In order to evaluate equation (11) 1t is necessary to determine m,
Ve (or MX)’ and Ary. The mass flov m can be calculated from
pOVO(AVI - AI)’ where AI is a function of the given masa-flow ratio.

The total pressure behind the bow wave P. can be determined by prop-

I1,Vv
erly weighting the total-pressure loss across the bhow wave at several
points from II to V. Then from the isentropic flow agssumption can

be determined from po/f&I y. Finelly, A can be computed by apply-
2
Ing the continuity equation between stations 0 and X.

The results of such a calculation for additive-drag coefficlent,
using & shock length of two inlet diameters, are shown in figure 14 for
an annular inlet with a 25° half-angle cone operating at = 1.79 and
compared with values obtained from pressure measurements présented in
reference 7. The cowl-pressure drag used in computing the curves was
also taken from reference 7.

The curves show that for the shock length used the assumption made
for ﬁiv v greatly influences the results. For the engine tested, the
3
aggumption that 5iv V= (pw + po)/z gave good agreement, expeclally at
H

high mass-flow ratios. In order to determine the importance of accuy-
rately determining the average pressure ratio across the portion of the
bow wave considered, the effect on the values of additive drag of an
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error of 0.5 percent in P was also calculated (by multiplying the

II,v

computed PII v by 0.995) and is shown for each assumptlion of va,v;

the effect 1s’relatively small

SUMMARY OF RESULTS

Formulas were developed for determining the additive drag of
annular- and open-nose inlets. Calculations based upon these formulas
showed that for a fixed 1ip area and cone angle the additive drag at a
given mass-flow ratio varied with the projection of the center body and
was least when the flow at the inlet was supersonic.

The effect on additive drag of changes in the free-stream Mach num-
ber was relatively small. For anmulaer ilnlets, the additive drag
decreased with increasing Mach number when the flow at the inlet was
supersonic but increased with increasing Mach number for most cases when
there was a bow wave ahead of the inlet. For open-nose inlets, the
additive drag increased with increasing Mach number.

The forces due to the variation of static pressure on the center
body with mass-flow ratio were considered,and an analytical method of
approximating thelir value was developed which showed that they repre-
gented an appreciable portion of the additive drag. Overestimating the
inlet total-pressure recovery resulted in an estimate of additive drag
that was too large.

Comparisons of the theoretical values of additive drag with experl-
mental results showed excellent agreement for an open-nose inlet and
moderate agreement for several annular-nose inletis when the effects of
variable center body pressures and inlet pressure recovery were con-
gidered in obtaining the theoretical results,

Consideration of a proposed method of obtaining the external drag
from schlieren photographs showed that when a shock length of two inlet
dismeters was used the results depended largely upon the value of one
of the assumptions involved. For the particular configuration to which
this method was applied, one of the suggested values for this assumption
gave good agreement with the value of additive drag obtained from pres-
sure measurements.

Lewis Flight Propulslon Ilaboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX
DERIVATION OF ADDITIVE-DRAG COEFFICIENT cd,a
FOR ANNULAR-~ AND OPEN-NOSE INLETS

The additive drag for an annular inlet is given in the text (equa-
tion (5b)) as

D, = mv, cos A+ A, cos A (pl - PO) + Ag (Ps - ?0) - mVg + Ff’s (A1)

but 1t can be seen from figure 3(a) that

Ac=Alcos)\+As

then
D, = mvl cos A\ + A;p, cos A+ Asiss - APy - mVO + Ff,s (A2)
Substituting
m=pAV and p = p/g Rt
glves
P&y cos A y - PoAoYo" y
D, = &, 5+ Ayp, cos A+ AT - APy - —ER-EB—- >+ Ff.,s (A3)

Substituting M® = V°/ygRt and dividing by Ap, gives

2 - 2
D, AlplyMl cos8 )\ Aipqy cos ) AyTg AgMg Ff,s
Ap,~ AD *T A, ‘YEp "l i trip. (M)
c*0 ¢ 0 ¢ 0 ct0 c c¥0

Pp PoP P
1 01 *¥1
Substituting % = Pp B §'£, rearranging, and converting into coefficient

form gives
2 |A Po Py 2 AgD, Aq
Cj o= == =221 0me ) A == .2 2
i.a Y, + cos A+ 1 ME| 4+
’ 7M02 ‘f‘c Po Po Py 1 AcPg A, 70 f,s

(45)
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The value of Cd,a for an open-nose inlet can be derived from egua-
tion (AS) by noting that for an open-nose inlet A = A, cos A =1,
A =0, and C = 0, which reduces equation (AS) to

3 fr,s
P.P. v
2 01 %1 2 A 2
Cia=—73 |5 (M +1)-1-M A6
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(a) Annular-nose inlet.

(b) Scoop inlet.

Figure 3. - Schematic views of annular-nose- and
scoop-type inlets.
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Mass-flow ratic, m/my,y
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Additive-drag coefficilent, Ci.a
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Flgure 6. - Comparison of experimental and theoretical values of
additive drag of open-nose inlet.
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Figure 7. - Concluded.



26

CONFIDENTIAS NACA RM E51B13

6112

\\\\fi?e-stream Mach number
My *

2]
(&)
e
o
Cal
o
-~
&
[}
o
[&]
2]
5 \
e .4 AN
£
3 ™~ \\\\L
N
o \
. =
. ~ N
§ - B : \\\
& N -
— \
0 .2 4 .5 .8 1.0 .
Mass-flow ratio, m/mp,y NACA 7
Figure 8. - Varlation of incremental-cone-pressure coefficient with

free-stream Mach number. Cone balf-angle, 25°.

CONPIDERTIAL



Incremental-cone-pressure coefficlent, Cg4

2118

i Thearetical Experimental Inlet parameter,
? | a 1.0
i ; ; a 1.0 (reference 8)
| ? | - o .75
| | | —— o 51 |
T 1 | T Lo ’
i 1
i i } ! | ; 1 ! !
: i ; ! ! ; i
4 + \ { T ! \ ‘ + t
! . ) \ oS ;
‘ [ \\\ % J I
I ! \\\ ~ ‘ % ! '
| ‘ o |
} ‘r ‘%‘D > < \\\ 2 : ; +
; o st . o
a 1 S ¥ - i 1
18] : i T "\N o T !
G ! ; | | o |
-2 i I i ] | | | | |
~

(a) Cone half-angle, 20°

>

Mach number, 1.8.

(b) Cone half-angle, 20°; Mach number, 1.6.

|

|

o4 \7\\\\ : : : ]
I~ O oo l\ i ! | !
~u ' | o ] i i !
*\\\‘\\\\ ncpe() L N~ ? ‘ o “ i '
: . ! - Sy g .
: ~ | < ; : B S \ :
t N~ & : Rl ~ o ] X :
T NG | BN LI }‘
RN TR |
: ; ‘ ‘ ; e < i ’ T e . X
i ‘; 1 ‘ SN ‘ ; | SR, ; ‘ |
ol | | | ANk L1 Sy [
.2 .4 .6 .8 - 1.C .2 .6 1.0

Mags-flow parameter, (m/mp,.)(1/p)

(c) Cone half-angle, 25°; Mach number, 1.8.

(d) Cone half-angle, 25°; Mach number, 1.6. :NACZA

Figure 9. - Comparison of theoretical and experimental valuea of incremental-cone-pressure cosfficilent.

STETSH W VOVN

L2



28

Additive-drsg coefficlent, Cy ,a

CONPTTE NSl NACA RM E51B13
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Figure 10. - Effect of cone angle and inlet parameter B on additive drag.
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Additive-drag coefficient, Cq ,
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